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c~asurriients of the intr insic ci (.Iirties,; (-)plex permi ttivity ;nd

petre'i ity of radar ab,,orwr du(sij.n :iajterials ojie1 (quti(,s chije

i-lb~tively slowly vwith frcequency can presently hi-d .c cvr 'k.ao or F-ven

t ln-re de o(ws of frcqiictncy us inrg a tiiiie domnai n systcrn. Sut -h a syste.m

,,is dE:V-vecd for thie Air Force Aviwnics 1.aboratory by the Siperry

Corpora te ~r'(ai ch (Cunter. flo 'ctVLr, this tive doai n techni iue is 1 iI;, tr-d

to frequency .sucrt below 16 yiJahertz (Cilz).

This thesis is the documentation of a final ;auto; ated rx?;peri;;( entaI

setup for measureiient in the Ku band (12.4 - 18 GHz) used to de,,onstrate

the feisibil ity of a possible frequl ncy domain iico!urcei~ent technique to

Lxtcnd intrinsic property :',casa.ri cjnts up to 100 GHz.

The prospIect of experi;:wantal w.ork in the Air Force Avionics

1 abUIr:tOry , coupJled w-ith a proje',ct in the ,i(,a of itr'ic

presented a thesis topic ideally sui ted to imy desires. The appl ication

of 111axwvell 's equations to the study of miicrowave absorber iiatcrial S

w'0d to rcduce the rodar cress s(oc tion of ai rcra ft is a le a

extension of my education in elcctronic warfare.
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1" tract

Using fr Iu(:Icy ,!<, .:il tn ii(> ;(-5 , a system e.'ds ,(-veloped to I, c, ure

the coinplex permi ttivi ty I:nd ,p , bi l i ty of di ffercrit Imteril s in the

Ku t.Ind (12.4 to 18 GHz). A sample of fiberglass, teflon, FG'.:-'O, crnd

tv.o diffcr,-ut 'lxi-gl,'s ("Infi gurations were chosen for this rx;er-i: .nt.

The newly (!-vel ced loasuring system consisted of a two horizontal -plane

sectoral horn and a sar:ple holder asc-'bly. A 9.5 x 0.8 cm piece of the

sampl e r.aterial was cut and fitted into the sample holder assembly. The

reflection and transmission coefficients for the s-;eple mere ;.aasured,

using a network analyzer and frequency synthesizer as the swept frequency

sicnal source. A dedicated computer calculated the complex permittivity

and permeability and plotted the output data.. The measurements were per-

formed automatically by having the co!.puter cklitrol the frequency synthe-

sizer while running the experiment.

The two configurations of plexiolas and the fiberglass ser'ple were

tested ten times to obtain a statistical representation of the results.

In all cases good repeatability was obtained. The standard deviation of

the real part of the permittivity and permeability for the two cases of

plexiglas was within + 4,1" of the mean. The fiberglass had a typical stan-

dard deviation within + 7c/ of the fn-an for the real part of the permit-

tivity and peru,-ability.

The permittivity and permeability obtained for the selected samples

using the frequency domain weasureilent technique were compared with the

results obtained in a previously developed system which used time domain

techniques. The data comparison between the two systems was good for

teflon, plexiglas, and fiberglass in the frequency range from 12.4 to--..

xi



16 Nlz. Some variations w.ere note.d for the IGM-40, Since the results

obtained were 9c-J:t'ally ( esi st-nt between both techniques, it is clairied

that the newly iii] u:(nfed frt-quoincy doiain system is a viable alterr,ative

for the rapid NIeasu re.'ent of intrinsic properties in the Ku band.
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I P j Y I "\ N 1 S

F~ 11 i~ t n of r'rYr 91V:tf-iajl to the (1'L( t al: .e-nt

of !ru Iftrd iJSilcs iiilmu]s on a Y lcJ1,jo of the iniiinJc '~rolur2itiCS

of Co:+itx jn'!ittivity ((, silon) ,nd 1a re ubility (.,u) of the 'Jiratave

:Vsorber, r1 5iJaterial s over a ,'ide freqguency rurige (Ruck mnd i>orrick,

11/0; Ciispin, 19/0). These two projiarties are a iroasure of the ubi ity

of i"a terial s to Conduct eleuctric and ragjnetic fields which are prescent

in the radar tvirwi it its (Iiayt, 1974; Allen, 1076).

The ability to design Ond test rodar alhsorhur design m;aterials

dopends on the capability to accurately 8 caisure the intrinsic pro urt ies

of corip 1 x mu amrd eps il10n of the wa teri a 1over a ide frequen cy raInge.

The Air Flt U? Avioic-,O 1( Oy it rI td the Sariry PRnd Ri-march

Cur'reratiorl to 1tuild a tjic JOCain "ls. ilt syst.Cil that could m),aoure

Mlc -mnd epsilon parame;(ters of de-sign m;aterial s over a frequenOIcy

langye from 0.1 to 16 Gliz (Nicolson, 1971; Nicolson, 1974). Tridi tienally,

such rreasurec'.rots have [wen made at fixed freqococics hrl ow 10 Miz us inrg

slotted-line and impedance-bridge configurations (I ippel , 1958).

Oscitalythe timie do ain iicwrfrr.nmt syk-) tm cisits of a

sub-riarorsruei(j(d iiulw generator and coax ial 1 itc sys tern to hold samples

of materiils, a t.,ideharid sa':rpl jg oscilloscope, and anl electronic



system which scins and digitizes the transiJent rtmjpom, e of micro.dve

materials (Niculson, 1970; Nicolson, 1971; Nicolson, 1974). The tronsient

response is then Fourier transformed on a flewlett-Packard 21MX co!;.puter to

provide frequency doain scattering cuefficients. Further computdtion

provides printouts and graphs of coi:,plex miu and co'iplex epsilon as a function

of frequency. Although the time domain system works well, the Air Force

Avionics Laboratory has a need for a measurement capability of complex

permittivity and permeability of candidate design materials at frequencies

higher than 16 GHz.

The National Bureau of Standards published a report dealing with

radar absorber design material measurement techniques at frequencies

above 20 GHz (Nahi;.an, 1979). One area of the report reviews the existing

time domain measurement system in use at AFAL and rece'- ended a frequency

domain approach as one possible way to extend the mu and epsilon measure-

ment capability into the millimeter frequency range. This would involve

the development and verification of a frequency domain technique that can

be integrated into the present time domain measurement system with the

minimum equipment modification possible. The time domain system uses two

specialized generators. One of these generators produces a very narrow

and sharp impulse-like signal, whose spectral content is primarily in

the frequency range from 0.1 to 10 GHz (Nicolson, 1971). The second

generator emits a radio frequency burst, whose spectral content is between

9 and 16 GHz (Nicolson, 1974). Utilizing these two generators, two

measurements then characterize the permeability and permittivity of a

sample from 0.1 to 16 GHz. A sampling oscilloscope is used to sample

the transient response for digitizing, so that scattering parameters can

be computed at discrete frequencies.
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The ttchIol Iyical 1 i itat jLIS of t he s I: ipl i i (sciilo ,ope

provides the ;1 105US to divLtC0p a f , -! cy du'u C in r i. t ' y',tyim

(N,. h. an, 1 g19). The fr. l .iL ucy d in : 't-f,,ch mould del etc the

rficuirt L-nt for the two special rxdio f ,,, uecy ii z ' Lters ,Hid ui11.tead

utilize a conti auous vave geerator, frequency synthesizer, t 'rd from

discrete frequency to discrete frequency. The continuous wave rldio

frequency signals would also negate the requirement for sampl ing the

transient signal response. Instead, the reflected and transmitted

signals would be at a set frequency and could be digitized and processed

using analog--to-digital (A/D) techniques.

P-roblem-and_S-cope

The problem addressed in this thesis is that of experimiientally

developing a millimeter frequency domain measurement system, and

demionstrating the system capabilities by ieasuring the intrinsic

pc erties of several c,. on i;iaterials at the Ku >,-nd (12.4 to 18 GHz).

Existing material properties obtained from the tiie domain system can be

used for comparison. The computer code should e modified to auto::,ate

the measurei;ent process by putting the frequency synthesizer ufder

cosiputer control and reading the network analyzer phase and ai:,plitude

outputs with the computer's A/D converter.

After deriuonstration of the concept f aS ibil ity, the Air Fuoce

Avionics Laboratory personnel would later mlodify the ,dasur-e.nt setup

to apply the technique at frequencies between 20 and 100 GHz.

This thesis contains a dlescriptinn of the fully automwated fi u ecy

doiain measurement system and data cuparisons for fiberglass, two

thicknesses of plexiglas, teflon, and FGf-40 absorber materials ri luled

I3 I I . [1 . . . .



in lhuth the time dora; in :,id thle fr, :urricy doorain Kytl-'!5 The FI n-c cy

d!,,'i~ii if euisurcirunt sy, fi ti du(lpicted in F igure 1I The friicy

naiisetup consists of two H-plane -,ectoral horns (Faru ld Chui,

10C39) which are placed iouth to mouth. Thle sysltemi is used to ,suethle

refi ecti on a~nd traisni c.s ion coeff i cijots f rom a s inilie r(eCt,:rjUl oir -- :Apl e

of the design iiaterial.

Five specific saimples were evaluaoted, fiherglas, two th lckniwS es

of plexiglas, teflon, and an FGM-40 absorber. To show concept fus-ibility,

data were com!-pared for the five sa~ipl es tested on both the tiire domain

system and the frequency doi:-ain system. The sal ~ples prep.ared for use

in the time domain systeml were of such small diincosion that a good

uniformity of thickness could be expecte2d; however, samples used in the

frequency dom;ain system were larger (7.60 sq cm) and were subject to

slight nonuniformity of thickness. Therefore, the thickness value used

for the coiiputation of relative mu and epsilon in the frequtency domain

system is the average thickness across the sa;mple.

The H-plane sectoral horn assemibly is assumed to produce a transverse

electorinagnetic plane wavefront at the sampi-le interface (Jasik, 1961).

The plane w,,avefront approximation was sought because it provides a r :cns

to calculate mu and epsilon values using relative'1 uncomiplicAted

[1a thcmaotics.

As s ump tion s

In the frequency domain mcasurei'ent setup, it will he as uried

thait the el ectroriagnet ic f ields riuri--ally inc idij nt on the : pl e rt itrrial

interface approximate a plane wave. This ass umoption is di',r-used in

the theory section. The theoretical phase variation in the iieuth of the

4
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H-plone scetoral burn rdingus from 11 .8' at 1?.4 GHz to 16.240 at

18 GHz, using the diiierrsions of Lh - 150 cm and a = 9.5 cm in the
a2

equation tc = [8 a -] 3600 (Jdasik, 1961).
Ah

Guer-a] Appro-ach

The research r(,e.orted in this thesis irivulvcd eight ;iajor

areas:

1. We studied the existing tijjje domrain measurement system.

2. We analyzed literature material associated with the sample

holder, network analyzer, frequency synthesizer, and waveguide

components used in the measurement system.

3. We performed an initial determination of the test setup and

the actual assembly of the test system.

4. 'We modified the existing tie domain com;;puter program to

delete portions of code associated with the Fourier Transform and added

computer code to accept the frequency domiain iieasured values as input.

5. We dutomated the test setup, putting the frequency synthesizer

under com puter control and reading the network analyzer's phase and

a,;rplifude outputs through the computers A/D converter.

6. We measured the sample raterials and compared mu and epsilon

from both the timie domain and frequency domain systems.

7. .le extended the ideas u.veloped in building the test system

and designed and built a final frequency domain system that could

measure reflection and transmission coefficients from a single,

smral 1 siipl e.

6



8. !.-e took the c, ured val ues of mu -nd eps i Ion from the final

frequency do;.dain system and ci;;pirvd it to d'ita &-,tutlined from the time

domain system.

Sequence of Presentation

The matcrial in the thesis is presented in the follov .. iy mcnner:

1. The theory underlying the measurement technique is presented

in Section II.

2. A description of the equipment used in the frequency domain

setup is given in Section 111.

3. The sample measurement procedures are presented in Section IV.

4. The results are given in Section V.

5. Finally, the conclusions and recommendations are presented

in Section VI.

7



1 I. Th.ory

As an introduction to the theory used in drvelo pirig the

frequency domain measurement system for the intrinsic property

iidsur(erents of radar absorber desi gjn materials, let's look first

at a brief description of the properties themselves.

Dielectric Materials and Permittivity

A dielectric is a substance in which the electrons are so

well bound or held near their equilibrium positions that they

cannot be detached by the application of ordinary electric fields.

The im;iportant characteristic in a dielectric is its permittivity

C . The permittivity (Dielectric Constant) relates the electric

field intensity E to the electric flux density 0 by t1he equation

S=c -C . As E increases for a iiaterial, the material will have

an increased electric flux density present within (Ramo, 1965).

Because the permittivity of a dielectric is always grcater

than the perm;iLtivity of vacuum c0  , it is convenient to use the

relative permittivity c r of the dielectric, that is to say

r 7 , here v is the permittivity of space (1/36:) x 10

farads per meter and --r characterizes the effect of the aoeic

and molecular dipoles in the material. This relative penrmittivity

is a dimensionless quantity (Ramo, 1q65; Kraus, 1-53). t higher

frequencies, typically above 0.1 GHz, thie dielectric m.aterial

8



i-,,, iutnoes , , lqy c s. The relative iittivity (,:n he

;:prossed as a , pl(lx !ci.r to iCc( flt Flor such losses,

r r - jcr  (Hip;el, P958).

aj ti c Materials and Perl:;oability

All materials chow 0o2:ie ;,agnetic effects. D,-pending on tieir

; yetic behavior, ubstances can be classi fied as diam:,agnetic,

par.miagnetic, and ferromiagnetic. In dia: aarltic itatrtrials, the

agnetization is opposed to the applied field, while in paru;:a1nC-tic

raterials the magnetization is in the same direction as the field.

The materials in these two groups, however, show only weak magnetic

effects. Materials in the ferromagnetic group, on the other hand,

shaw very strong magnetic effects. Magnetization occurs in the

same direction as the field, as it does in parawagnptic m;aterials.

The level of magnetization of materials can be quantized by

referring to the relative pereability vi defined as u - _

r .r 1o

By definition, the relative permeability of free space is unity.

The rrlative pr-r' ability of ferro;nagnetic ' aterials is g (crally

much greater than one. The ;,agnetic flux density B is related

to the niagneti c intensity I by B i ii H where u is

the p,,ii!ieability of space = 42 x 10- henrys per e eier nd r

mrasures the effect of the magnetic dipole ii.,tents of the atoms

comprising the medium (Ramo, 1965).

In extending the concept of orimeah ility to friqu ,rncy dejr1,' nt

magnetization in ferromagnetic materials, it is convenient to

9



introduce the idea of a coiplex Arbility. As frequecy ilcreases,

the following effects can he accountc.d for by a ((,plex relative pcrme-

ability r =p r - j • This physical fact is that in a sir, ucoidally

varying magnetic field a phase angle 6 arises !.,tten B aid H due to

energy losses associated with magnetic resonance and relaxation phenom-

ena. Such losses arise physically from reorientation of the 'agnetic

iiic.:ients.

Theoretical Developie n t

The theoretical development prcsented here is an extension of theory

from the standpoint of classical boundary value solution tchniques for

plane waves (Kraus, 1953; Hayt, 1974) and subsequent relationship to the

scattering coefficients S and S21 (Pamo, 1965) for reflection and trans-

miission parameters respectively. The theory of the H-plane sectoral

horn will be given by presenting a few key points from the work of %arrow

and Chu (1939).

The scattering coefficients S21 and Sl1 are a mcasure of the forward-

and back-scattered energy respectively (Nicolson, 1970). These scatter-

ing coefficients are used to calculate the co :plex cr !_,bility

P* =ii - jii- and permittivity F * = cr  - jc" of the test 5ample.r r r r r

The sample will be examined under the assumption of plane waves normally

4ircident at the interface.

Consider a slab of homogenous, isotropic, ricrconducting

material with permittivity L=Eo:r and permcaLjliiv 7 on r arid

thickness d positioned in a frce F.poce , J"in with characteristic

i:pedance Z0 with region three infi ni te in ,xtont, as shown in

Figure 2. Within the region 0 < x < d the imipedance of the slab

10
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** I
r 0r

ruflection c)~fiin of a plne ,.,,ve iiur m Wy iire i (.n the

inlterlfaIe c suld sivly !-e (Niccl inn, 191/0)

- r -

ri +1

r

Aict.cLding to >(im.'ell 's curl equations,

v7 x11 (2)

V x E =- (3)

,irnd sinLe g nonconducting media is assul~ld, 3 0 in Eq (2). Takmne

the curl noheration of Fq (3) and SUbstituting Eq (2), the caee~it ion

is obtainied,

-E (4)

For a I i neairly pol ari zed p1 ~ne v.,cve troveI r ig in the x di rection

the sol ut ion of the waive eq~uat ion reduces to a t,:r thajt is a fuic ti on

of position multiplied by the tii e variation term ex p( j(t) (Hayt,

1974). Pc fining the c(; p1 cx prf,;,gation ccrretant as 1 4 jF

12



the [osition ttrm uf the (ll.tr ic Iie ld in V,.fj 1 ( ,te is

-' x  i-vI ] (x

E = E.[e + , e

w.here E i  is the incident field ond El  is the total field ,ode up

of the incide-nt mnd rcfl cted o:: riert.s of ',e fields. In r*i-gion

two (within the s,:fple), the currt< >,diin eli-ctric field term is

''2 x  12 x

E2 = A e + B e (6)

And, in region three we obtain

E = Ei  e (7)

The ;iagretic field in region one expressed in Ler:;,s of the incidcnt

electric field is

8.
.lE i -ylx  x

H e + e 1
I i - [-yfe + 1

In region two (within the sample) the r, gnetic field is

2-A 2 , 2 ]H 2 2 -'' 2 e r 12 e( 9

And, in region three the majgnetic field is

Ely 3  -y 3 x
H 3 - -- T e (10)H3 : 3 "3 \(O

33
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Tho ((:, tits F 1 2 3 HI H 2 1 d 11 3 of

14-t ic :,(i L id itic fi(Ids H it'. ti I y i n

t>Is !IC fI IH ri x .n ti s itiderwnklI itt of ti: rid

J, ;k rd ren tiew icc vKi 1,!1es unly. The ,Ltuol fieltd is the ial

Kirwt of FeL ,.nd of i~

The r~eflection cou-t f icii-nt c -nd -ti u.ls ,-n uf fici(.Iit

v,,i 11 ncm be '1( uid uIsing e',dar value ;olution thi s(Kiraus,

1953; Hayt, lc-14; Hii''ci, 1I3) S ince the tan(:( itial cc"'.!O! -nts of

the electr-ic f ield in '-,Is ( 5) and (6) Jtre ceont ii;rJous at the !heufidadries,

then at x 0

E.[1 +P] =A +B (11)

and from Eqs (6) and (7), at x zd

A e + B e T E ie (12)

The tanojential ce-ponents of the ;!aquetic fieds ar-e rnntirn ;u)s

at the boundaries, thus at x =0

[ - [B - A] (a

Using the substitution Z i where j ~'=j ~

and sirice the slajb is a r:onconduc tor c z 0, then

z -j '"which rep rescnts the iiedaince of the iodium.

14



For the syst.in tIing descrihud in I-igure 2, Z I Z3  70

where Z0  is the chor, teristic ii~ipcdance of free c4(Ice; tc;,,,ver,

this derivation is for the 9neral case, hence

E.1
~11z{ [p -z2I- [B -A] (13b)

And at x d

1 -y2 d  +y2 d TE i  -y3d
Z-2 (A e  B Be  Z 3 e(14)

The variables A and B are eliminated fiom these equations by

wultplying Eq (13b) by Z2 and then adding Eq (11) to get

2B =E [(1 + - Z (1 - (15)

Equation (14) is multiplied by Z2 and added to Eq (12) to get

Y-,3) d Z2

2A = -TEi e [l + Z*-] (16)
1 3

Equation (13b) is inultiplied by Z2  and Eq (11) is suhtroctud off

to get

2A E [(I + r) + - (17)

15



Equation (14) is multiplied by 72 and subtracted off Eq (12) to get

( 2 -y 3 ) d 7
2B itEi e [1 -2 (18)

z3

Equating Eqs (16) and (17) gives

(2--y 3)d Z 2  Z 2
-e El+ Z7 = [(l + p) + Zl- -p)] (19)

3

And, equating Eqs (15) and (18) gives

-(Y2+Y3 )d Z 2

e - z] = [(1 + p) - z1(1 -p)] (20)
73 21

Equation (20) is solved for the transiiission coefficient T and it

is substituted into Eq (19) to yield the reflection coefficient p

-e-('2+y3 )d Z3-Z2 . [
z I 

(1+ 
)  

z 2
} - ) -

Zl (2 a

T e (Y2 +Y -Z3 ) Z2(l 1  (21b)

('Y2--Y3 )d 3z z2  1Z (1+p) + 7z201-P)

16
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e 2 4Y3 )d Z 3 1 ~ ; ~2 (Y2 f3 )d 37 j (1 + Z2 (~ (I ~e -  z z 3 e 7L 3 ]z

?Y2 d 3 1Z [2 7 (22c)
e [Z;1 7 20-P)iL 3 -7~~ Fi~ 2(l

e 22d 7 + P(Z+7 Z 3 Z7 [(7 ( 2) + p(7 1 -7 ] (22d)

% d)3+z 1- +2 1 <z -2)  _- -zlz _ (l
3 - z 2 - j 1-Z 3Z1 2]

3 z  / (?e

2 2d d +7 1d 7 -3Z +

(2 3~ 2eY (7 +) K (iZ 7 ]
p(ZeZ2 -e ( 3+Z -2 (Z 1- 72) 1 2e .... _kz3 Z2 - Z  1 -  2

[( .3-Z 2  W yd -7(22f)

(Z3 z2 1Z-7) L2 ( 3) ~ 2)i

r) fi Ti 1 ng

7 2- (279)
1I,2 7,Z I

73-Z2 (?2h)

F2 , 3  z3+Z2

17



-2 z 3-37 2 7 
1

2ee (7,3
e ' -+ _2_ 2 ) z _ _ze F2. ... 3) -l 52

Since regions one and three are free space, the following is true

F2, 3  -F 1,2 (22j)

and Eq (22i) reduces to

P l-e- 2Y2 d 2 1 rl-)

= 2l,2 [2 e2 2dj-- LIT (22k)-1,2 -
2

The solution for the transmission coefficient T follows from Eq (19)

e z-y. . z ( )d... (+3a)

= e -Y2 [ [ 3 [(z1  + Z ) + P - ] (23b)

1_d - 2 z+Z1 z 1 2 1z-z2

T Y eILd[Z+Z- ' ~+r,7 -72 (?3c)z2-73 ]  7 1

18



For the system being studied, ZI = Z3 and 1,2

Y3d -Y2 d [1 - Pir] (?3d),T = e e

The expression for the reflection coefficient in Eq (22k) is substituted

into Eq (23d) to give

= e 3 d e 2 d I -e -2 y 
1 e

3 _Y2- 2d (23e)

: e e _T- e;Y2 ] e Z (23f)

In order to use scattering coefficients S11  and S2 1  to calculate

the compleX permittivity and permeability of radar absorber design material,

they must be extracted from the measured reflection coefficient P and

transmission coefficient - he relationship between p , T , Sll

and S2 1 becomes apparent when the signal flow graph in Figure 3 is used

to evaluate closed form expressions for the scattering coefficients Sl 1

and S21.

The development of closed form expressions for Sll and S21 will

follow that which was presented in a technical memorandum published for

the Air Force Avionics Laboratory (Kent, 1979). This aterial is also an

extension of the signal flow graph ideas presented by Nicolson (19/0).
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When the incident wave strikes the fr ont face of the ,omple,

part of the wave is trdnblhitted and part is reflected. The ahiiplitude

of the reflected wave, in terms of the idmplitude of the incident wave,

denoted VA  I is easily calculated from the signal flow 9raph to be

V-  = r V +

, Al lnc (24)

where

r - (25)

2 0

The amplitude of the transmitted wave, at x = 0 , is found to be

VAi= (I + F) V+  (26)A inc

where

(l + ) 2Z2  (27)
L2 0

Once the transmitted wave strikes the far face of the sample (x = d

or point 8), part of this wave is reflected back and part is transmitted

out the end. Since our substance of interest is electrically and

magnetically lossy, complex mu and epsilon, the wave amplitude will

suffer somoe attenuation as it travels thiough the sample with a

propagation constant y = cx + jj Therefore, the propagation constant

21



is y + jf j j. "F- = j € c r . fhe iidjfnitude of the iricid nrti S y 0'+ ,c -T rLr

wave at B will be reduced by the attenuation portion of

exp (-j c VrZ d) from that of its arplitude at x 0 or

point A. By defining z = exp (jd) where
C rr r r -Jr

and E' - j rc the incident w;ave at x = d is found to be
r r r

IV = zIVlf = z(l +r ) Vn (28)Binc Ainc

The fraction of the incident wave transmitted out to the far end is

VB + 2 0---) ZV + (10 - F) z+ (10 - M)l + r) zV inB+ 2+Z 0  A+ n

(29)

So, as a first approximation, the magnitude of the reflected and

transmitted wave amplitudes through this sample can be found as follows:

(a) Incident wave amplitude: V+

inc

(b) Reflected wave amplitude: VA = '

+ )v+
(c) Transmitted wave amplitude: VB = z(l )inc

This approximation fails to consider second, third, and higher order

internal reflections within the sample, which could ilioke a siynificant

contribution to the total reflected and trin.nsmitted wave I:lplitudes.

If the reasureui2nt system is to work for any hnniogeneous unknown, how

22



many internal reflections must be taken into occount? To ;) (cisely

answer this question, consider the signal flow graph that sirplifies

the description of this system without loss of accuracy.

If one takes "n" interactions of the loop representing the internal

reflections of the samples and allows the number n to approach

infinity, then the amplitude of the transmitted wave can be expressed

as an infinite series of the following form

V+= V+  J( +F)(l-?)z+(l+1-)(l-F)z(-iz)(-Fz)+(l+1)(l-F)z(-l'Z)2 (-F Z)2+.. . (30a)

V+=V + Z(lIF2)+ZF2(I-F2)+ZcF6(IF2)+...+2n+11"2 n(l-2 ) (30b)
B inc

+ + (l-F 2)(z)nl+z2 n+zlr,+zF,+...+z nr2n ) -19c)

V -V -- fl+z
2i2+z11"+z%1'1+. .+z' nn(l -i'2z) (3Cd)

B inc (I_ 2z2)

+ : +  l - r2)_ S e

B inc (1 -e)z 2)

As one can see, the above is a very convenient closed form expression

for the transmission scattering coefficient. Sin(e this tronsmission

scattering coefficient is, in general, a function of frequency, it

follows that

23



V+

+V--B (31)
21 V inc

which can be conveniently expressed as follows

S 2() z 0- -_r) (32)
21 (1 _ F222)

Similarly, the amplitude of the reflected wave can be expressed

as an infinite series. A closed form is also desired.

__2 )zz n+2Fn) 3b

VV inc..(3b

-+ - --_1 -+2Zn n+

_(4_ (1_- z2)F, (33c)

VA Vinc (1 - F -2 2)(3e

24



A closed form rel 1tion hetween the incid nt w(ave I: plitude drid the

iellcted -,,ive ,lcp litude has Loeen obtdinod. As with the trIn si 1 siun

scittering coefficient, the reflection scattering coefficient can also

be defined as a function of frequency.

SA (I_- zA)- (34)V'J v+.  1I - i,- z2
inc

The.-efore, it becomes apparent that the measured value of

reflection coefficient p is equal to the reflection scattering

coefficient and the transmission coefficient T differs from the

transmission scattering coefficient by the phase term exp (y d)

S = (l z2 ) (35)
(1 - F2z )

1 e _____ - z(- -F) (36)e21d (1 -0 Fz') eO (0 - 2 z2 )

where

o 0 0o 0 (37)

The reflection and trn..':ission scot(.ting coef fici nts con thus

be determiined. The following details ,how low they 11re used to colculute

the complex mu and epsilon values of a radar absorber design miitcrial
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d~~~~ t c) i, (I-i I

,fwi'd ds

v 2  21 S I S1  (3 9)

A variabl e x will be dufiiid as the r( t 10 of 1I V I 2 nd

12 I v)

Sy d irect -ubsti titiaon of the du I i tJia i os for t he scaltte ri ng

coefficient ito E q (40) y ielIds thie folc g f ac in

( 1 + ) -( I - z ) _ + 1H 1

2i'(I - Z) 27

Phi s ty,j~t i on cn he sol ved for

p x IX (2?

i oe the p Ius or inu s si n i s c ic'> n t o i ti ift J!. os tide

to, I s th, n or,( in r, (iite valIue.
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The following thory on the 1 -plrne ',toral horn was tilken from

a published article by W. I.. ,,irrow dnd I. J. Chu (19I9). It is

presented here for the special case which wos im(l ,.td as t'art of

this thesis.

Using the 1oi. etry of the pctoral horn depicted in Figure 4,

axwell's equations in a form suitable for our probl em yield the

following components of electric field (E y) and magnetic field

(H , H )

E = B cos(mv,) Kmv (21 -) (48)
y

H B -sin(mvq) Kmv (2T ) (P9)

P J :

H Bj cos (,,;v ) Kmv (2, t- (50)

In these expressions, the complex quontities are independent of the

time and depend on the space variable only. The actual field is the

real part of Eejit and tej ° t Here Kmv is the derivative of

Kmv , the Hankel function, with respect to its argument (2, -) and

X is the wavelength of a plane wave in an unbounded medium of constant

im-u dnd epsilon. The remaining coml,onents of field are zero, i.e.,

H y= E P= E = 0Hy Ep E¢

The metal is assumed to have an infinitely high conductivity.

The brundary conditions require that the tnii.tial co;:iullent of the

electric field vanish at the bountdary. There is no electric field in

our wave tangential to the top and bottom surfaces of the horn, hence
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the boundary conditions are autojiati-ally satisfied for y O,a

At the two sides, where 1 . ',o/2 , Ey must vanish, so we riust
0 y

have

cos (1i1V, /2) = 0

This equation can be satisfied by letting the integer m be odd

(1, 3, 5, ... ) and

v - (52)
0

The integer m specifies the order of the wave. Physically, it

indicates the number of half-period sinusoidal variations between tne

two sides of any component of the field along an arc = constant

The constant v depends only on the flare angle d , as specified

by Eq (52). Since m is always associated with v as a product,

the product

mv m (53)o

detemines the behavior of the w;ave inside the horn. Only those

H waves which have an electric field of even syiimetry about the
mo

center of the horn radiate beams with a central lobe.

Several advantages are gained by using the sectoral horn for the

measurement of reflection and transmission coefficients. Near the
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throat, the radial component of the magnetic field is still of (onsider-

able maignitude, but in the wore di tant parts of the horn, w.he're V) is

large, the component H becomes regligible co:,pared to the other twoP

field components. Both the magnetic and electric field lines are

normal to each other and to the direction of propagation, and the waves

at the mouth of the horn behave very much as do transverse electro-

magnetic waves in free space. Thus, a sample placed at the mouth of

a sectoral horn with a large radius (p) would experience a closely

approximated normally incident plane wave condition.

Lower signal power requirements can be realized by using the

sectoral horn to a~proximate a normally incident plane wave on the

sample. The usual technique to obtain a plane wavefront is to remove

the sample far from the transmitting source. In this case, power loss

increases with separation. The sectoral horn allows the sample to be

placed within the mouth area, as if inside a wave guide, where the

power is reduced only by wall losses.

The total area of the sample used for measurements is typically

greater than that of samples used in the time dotiain. This aspect

would reduce some of the delicate machining needed to iake small

samples.

31

h- , -



III T -(I u imen t

During the course of this work, there were two operating systems

developed. The first system was a test setup and used an anechoic

chamber and a modified H-plane sectoral horn to measure the transmission

and reflection coefficients, respectively. A full description of this

setup is provided in Appendix B. The second systen utilizes the two

H-plane sectoral horns. It is this second system which is reported

on in the main body of Le thesis.

The major pieces of equipment used in the frequency domain

measurement system will be described first. Then a full description

of how these major pieces of equipment are assembled for intrinsic

property measurements will be given.

The equipment used to support this thesis project consisted of

a frequency synthesizer which served as the signal source, a network

analyzer used for making relative decibel amplitude and phase measure-

ments, a two sectoral horn assembly and sample holder used to measure

reflection and transmission coefficient parameters, and a Hewlett-

Packard 21MX RTE computer used to control the measurement setup. The

complete measurement setup is diagrammed in Figure 1.

Freauency - Synthesizer

The signal source is a Watkins and Johnson model 1204-1; rapidly

tunable Dver a frequency range of 0.1 to 26 GHZ. The following

information was taken from the Wdtkins and Johnson 1204-1 specification

sheet. The frequency resolution is 10 kflz from 100 MHz to 249.99 MHz,
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100 kHz from 250 MHz to 1.9999 GHz, and 1 MHz from 2 - 26 GHz. The

frequency is displayed with a five-digit LED, in GHz, with floating

decimal. The frequency accuracy is + 0.00935% for 180 days over a

0 - 500 C range. A single frequency can be selected on the keyboard

with the enter, ENT, button and displayed on the LED. The frequency

can be slewed up or down in 1, 10, and 100 MHz steps as selected on

the INCREMENT controls. The synthesizer sweeps repetitively upw.ard

within the following bands: 0.1 - 1 GHz, 1 - 2 GHz, 2 - 8 GHz,

8 - 13 GHz, 13 - 18 GHz, and 18 - 26 GHz. The AF symiuetrical sw.eep

about phase-locked center frequency F which is displayed on the LED

readout is 0 to ± 0.1% of F . The synthesizer provides 0 dBm (1 nw)

minimum leveled output power. The variations in leveled power for

the 0 dB attenuator setting is ± 1 dB over the range of 0.1 - 26 GHz.

The output power can be attenuated over a range of 0 to 90 dB in

10 dB steps. The output power iccurdcy (ircter reading plus attenuator

setting) is: 0 dB attenuator setting, 0.1 - 18 GHz, - I dB and

18 - 26 GHz, ± 1 dB; 10 dB - 90 dB attenuator setting, 1 2 dB and

18 - 26 GHz, ± 2.5 dB.

Network Analyzer

The network analyzer is a Hewlett-Packard Model 8410A with a

phase-gain indicator. The 8413A phase-gain indicator uses a ireter

display. The 8411A harmonic frequency converter provides RF-to-IF

conversion. The 8411A converter has been ,odifled under Option U18

to work across the Ku band. The VSWR at the reference ond test port

under Option 018 increases to 10 at 18 GHz. Measurements are based
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on the use of two wideband samplers to convert the input frequencies

to a constant IF frequency. RF-to-IF conversion takes place entirely

in the harmonic frequency converter, which converts frequencies over

a range of 12.4 - 18 GHz to 20 MHz IF signals. The phase and amplitude

of the two RF input signals are maintained in the IF signal. The

network analyzer mainframe provides the phase-lock circuitry to

maintain the 20 MHz IF frequency while frequency is being swept, takes

the ratio of the reference and test channels by use of identical AGC

amplifiers, and then converts down to a second IF at 278 kHz. It also

has a precision 0 to 69 dB IF attenuator with 10 and 1 dB steps for

accurate IF substitution measurements of gain or attenuation. The

frequency domain measurement setup utilized the following piece of

equipment during data measurements: a plug-in for the 8410A mainframe,

the 8413A phase-gain indicator. It compares the amplitudes of the two

IF signals and provides a meter readout of their ratio directly in

dB with 0.1 dB resolution. It also compares phase in degrees over a

3600 unambiguous range with 0.20 resolution on the meter. Phase

difference is presented on the same meter when the appropriate function

button is depressed. This plug-in has two analog output ports

accessible from the front, one for dB amplitude, 20 mv/dB, and one

for phase, 50 mv/degree.

Horn_ Assembl Y

The H-plane sectoral horn assembly and sample holder is constructed

from aluminum. There are three major parts comprising this assembly.

The two horns, the sample holder/reference slide section, and the
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sample holder itself. The individual pieces are depicted in Figure 5.

The two sectoral horns are placed mouth to mouth ond form the

central parL of the neasurement system. The full length of the horn

section is 310.5 cm. The inner dimensions at the end flange region

are 1.6 cm x 0.8 cm, and at the mouth 9.5 cm x 0.8 cm. The two horns

are connected at the sample holder area.

The sample holder section is made up of a 6 cm x 5 cm x 15 cm

solid block slider which fits inside the 10.5 cm x 11 cm x 15 cm

rectangular housing. There are three windows cut along the length of

the slider section. In the center window, the slider section has a

shorting plate made of stainless steel used to obtain the reference

for making reflection coefficient measurements. At one end of the

slider, there is an open rectangular window measuring 9.5 cm x 0.8 cm

which is used to obtain the reference for making transmission coefficient

measurements. The third window is used to hold the sample during

measurement.

The sample holder is removed from the slider section during

sample installation. The overall dimensions of the sample holder are

11.3 cm x 5 cm x 3 cm. A 9.5 cm x 0.8 cm window in the sample holder

serves to accommodate the sample. A set screw at one side is used to

dpply a small dmount of pressure on the sample to hold it in pldce so

it does not become misaligned during installation of the sample holder

in the slider.

A gauge block is used when mounting the so;,ple material into the

sample holder. The gauge block provides a means to position the

sample's front face at the same plane as the shorting plate for
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reflection coefficient measurements. The so:'ple holder is placed

on the gauge block with the 1.119 cm raised section inserted in the

sample window. 1he somple is placed in the somple window and forced

firmly against the raised section as the set screw is tijhtened.

21 M XCo puter

The flewlett-Pdckard 21MX computer is used to control the data

measurement. The frequency synthesizer is comanded to a discrete

frequency by the computer and a data measurem;ient taken through the

computer A/D converter connected to the outputs of the network analyzer.

The disk subsystem and I/O devices are used to store, process, and

display the results of a data run. The computer software is provided

in Appendix A.

With some insight into the main parts of the frequency domain

measurement system, the rest of this chapter will deal with describing

the system as a whole and how it is interconnected. This description

is an amplification of Figure 1.

Me as ureient System

The Watkins and Johnson 1204-1 Synthesizer serves as the signal

source. It is co, ananded by the 21MX coimiputer to discrete frequcncies

as part of the intrinsic property measurement routine. The RF signal

is routed from the sjinal synthrsiier to the Ku bnd wave guide by

j;eans of a six foot cojaxial cable (C1203-72 1&',W Asociates, Inc.,

Burlington,MA). The cable connects into a Narda 4609, 12.4 to 18 GHz,

coaxial to wave guide adapter. The tNarda adapter is attached to a
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20 dB Hewlett-Pockard (HP) d ite(tional coupler, iijodel ir,,,,r er P/i52D.

The 20 dB coupler couples a portion of the signal into the refer(:nce

port of the HP 8411 Hdrionic Fre;uency Convwrter (ii:odified with Option

018 to extend its capability from 12.4 to 18 (Hz). The vin RF signal

is fed into a second directional coupler. This second HP directional

coupler, Model P752A, couples 3 dB of the signal into a third

directional coupler ond sends the rest of the signal into a matcied

load. The third HP coupler, model number P/52A, is used to couple

3 dB of reflected signal from the sample or short into an FXR model

Y641A switch and then into the test port of the harmonic frequency

converter during reflection coefficient measurements. During trans-

mission coefficient ieasure;,ents, any reflected signal ccupled through

this 3 dB coupler is fwitched into a Waveline Type 754 matched load.

For transmission coefficient measurei:ients, the RF ignal which

transmits through the sample is routed into the test port of the

harmonic frequency converter through a PRD Electronics, Inc. Type

1208 Isolator and the switch. The transmitted signal through the

sample is terminated in a matched load at the switch during reflection

coefficient measurements.

The harmonic frequeicy converter provides the IF signal to the HP

8410B Network Analyzer. The analog dmplitude and phase ports on

the front of the HP 8413A Phase-Gain Indicator are read by the computer.

An HP Plug-In 20 Kliz Arnalog-to-Digital Irfteifice Syhsystfii located in

the 21MX COmputer, miachine model H P210 ,A, converts the analog inputs

to digital values used for computation. A Tektronix 4006-1 CRT
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Teruiinal is the operator cuntrol cernter for s iiple -aSurv eits

Finally, the processed mu ond epsilon data are routed from the

computer to the HP ?635A Line Printer or, for plots of mu and

epsilon, to the Tektronix 4631 Hard Copy Unit.
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IV. raoc(dure

I. The s,: ple is pre 'red by cuttitig a 9.5 x 0.8 cim itcctirbul r piece

from the li.aterial to be :.eosured.

1a. The sample is cut to fill the sample indow co::pletely.

lb. The thickness of the scomple in mils is determined for use

in the computer program.

2. The frequency synthesizer and network analyzer are turned on for

a half hour before any measurements are to be taken.

3. The frequency synthesizer and network analyzer are adjusted for

making measurements. The slider section in the sa';ple holder ,ss(;1tbly

is positioned with the shorting plate in the sectoral horn and the

reflected signal line is switched to the test port of the harmonic

frequency converter as shown in Figure 1.

3a. The local/remote switch at the back of the frequency

synthesizer is placed in local.

3b. The Ku band midrange frequencj of 15 GHz is entered at the

frequency synthesizer keyboard and the output signal power

level is set to +3 dbm.

3c. The network analyzer is adjusted to read 0 dB on the 3 dB

amplitude scale by means of the amplitude vernier and the

amplitude gain amplifier.

3d. The amplitude meter is switched to the 30 dB scale and an

additional 30 dB is added to the test signal amplitude.

40



qain i,.pi if er to io cure un 1(:ujte op(-rat ing r,:,T;e ;.E.-n

3e. The p~hase offset dial on the n~ettwork analyzer is placed

dt 4?0 ° . This vwlue is arbi trary since the coeffi cni.nt

phd, -e icasure:.nts are only di ffIrnce values between a

reference phce and the ph,-se associated with reflections

off and transmi ss ions thiough the sa::,ple.

3f. The local/remote switch on the frequency synthesizer is

set to remote. This mode enables communications bet,.een

the computer and frequency synthesizer.

4. The ccoaputer ptoqram is initia ted and a state,;ent about the

sample is typed in for use as a hcoding on the reldtive mu/epsilon

output data at the line printer.

4a. The sample thickness in mils is entered for use in calcu-

lating the relative mu/epsilon data of the sample.

4b. The beginning and ending frequencies in GHz are entered

next.

4c. The number of frequencies to he measured is entered. The

frequency irncrk:iient is d(eteo;iined in the coi,,iuter routine

by the equation

End Frequency - Start Frequency
No. of Frequencies to be .easured -l

This routine allows the first frequency jmeasured to be the

start frequency.
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4d. The in co:.,rnd 1 isting is di pliy d (n tie CRT 1rod the

ch,:r,ctteristic of the system can now he j .:Sured.

5. Uder ideal condi tions, the i elative mu and epsilon values are

dct, Tr.inred using the frie I -,ce vaolues -no c . Hoy.cver , it

is possible to mcr:sure a ,o dnd o value for the freiuency do;:,ain
00

system which has slight deviations from the free spce values. These

new measured values of p0  and co can be cc; ,plex drd characterize

how well the frequency domain measurenent systeiir approximates free

space. A typical plot of p]0  and c0  characterizing the measurerient

system is given in Figure 6A and 6B. The system measured values of

'o and ro are used to rtnorm:alize the relative mu and epsilon data

calculated for the sample prior to output.

5a. The sample holder with no sample installed is used in the

system characteristic neasurlent.

5b. The , )rting plate is placed at the center of the horn

assembly and the reflection signal line is switched into

the test port of the hariimonic frequency converter.

5c. The reflection coefficient measurement routine is entered

and the reference values are measured and stored.

5d. At the end of the ruference ,e'ureiert routine, the s, ;le

holder window is placed at the center of the horn assembly

and the sample iesureimient routine enltered.

5e. At the end of the wi ;iple ,u rime nt routine, the cuv;,uter

has calculated and stored the reflection coefficient values.
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5f. At this time, the slider is repositioned with the open

reference window at the center of the horn as mribly and the

transmission signal line is switched into the test port of

the harmonic frequency converter.

5g. The transmission coefficient measurement routine is entered

and the reference values through the open window are veasured

and stored.

5h. When the reference Measurements are complete, the sample

window is again slid to the center of the horn assembly

and the sample measurement routine entered. The trans-

mission coefficient is calculated and stored.

5i. At this point, the mu/epsilon calculation routine is

entered. During this calculation, the thickness value

used for computation of mu and epsilon is 200 mils if this

is the first measurement run after entering the program.

If this is riot the first measurement run after entering

the program, the thickness value used for calculation is

that thickness entered at the beginning of the program for

the sample.

5j. The system characteristic values are stored for renrormali-

zation of sample relative mu and epsilon values.

6. The ieflection coefficioit, surent routinie is re irteied ond

the saniple to he ii, ur.ed is installed in the , ple hulder.

6a. The sample holder is reinoved from the slider section and

placed on the gauje block with the raised suction inserted
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in the sample window such that the set screw is to the

right. The sample is inserted and piessed firm:ly against

the raised section of the gauge block. The set screw is

adjusted to hold the sample tightly.

6b. The sample holder is re-installed in the slider section

with the set screw away from the shorting plate.

6c. The mu and epsilon values are determined by following the

steps from 5b to 5i.

7. The relative mu and epsilon values calculated for the sample are

renormalized and then routed as numeric data output to the line

printer or as plots to the hard copy unit. When the plot option is

used to display the output data, a statement about the sarmple must

be entered to serve as a title for the plots.
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V. fl,-.ults

To deiionstrate the fcas iL i ty of thie FI,..cy Lm in w.ure-

runt system, fiberglass, two th ici ncs s of 1 cI.i igl s, I filon, rId an

I C. :,. aO b.o rher v~e e i ;casu red a rd their relative :r itt ivi ty -Ind

i.Ability values calculated. These values were comtpare.p d to the

relative parmittivity and Ipur;Aility for the same f I haerglass,

plexiglas, teflon, and FGM-40 aL)sother uiaturials iasuied on the time

domain system. Because the frequency doain system was desijned to

operate in the Ku band, 12.4 to 18 GHz, and the time domain data were

valid below 16 GHz (Nicolson, 1974), the data were compared between

the two systems only from 12.4 to 16 GHz.

Fxpec ted_ Re su ts

The relative permittivity values measured for fiberglass,

plexiglas, and teflon materials are provided in the table of

dielectric materials given below (Hippel, 1953).

Dielectric M-laterial T °C .A Hz .3 GHz 3 GHz 10 l iz

[.arinated Fiherglass 24 cA 4.8 4.54 4.40 4.37

tan 6 260 .i0 ,0 Q-'0

Plexiglas 27 C 2.66 2.60 2.59

tain 6 -- 62 57 67

Teflon 22 c' 2.1 2.1 2.1 2.08

tan 6 < 2 1.5 1.5 3.7

Values for tan , ire multipliied by 10'
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The permeability value for these dielectrics is, of course,

P PrPo where p r

It is not known whether the laminated fiberglass listed in the

table dbove wds the sime type of fiberglass material used in the

thesis work. However, the permittivity value given above cc:,pares

extremely well w,th that value obtained on the time domain system at

10 GHz.

Fiberglass Sample

The time domain data for the fiberglass sample are given in

Figure 7A and 7B. The plot of the time domain data is for a single

measurement run. The frequency domain data for the fiberglass sample

dre presented graphically in Figure 8A and 8B. The frequency domain

data are the statistically averaged relative epsilon and mu values

from ten separate measurement runs. It is assumed that the data

values at any given frequency are normally distributed. The standard

deviation is depicted on the plot as a vertical line above and below

the mean. A complete listing of the average values of relative

permittivity and peri;eability, along with the standard devidtion, is

presented in Table 1. The complex permittivity and permeability

values calculated for the fiberglass sample are compared for the

frequency range of 12.4 to 16 GHz in Table II.

First Plexiglas Simple

The complex perimittivity and icrumeability values wmciuted on the

time domain for the 64.5 mil plexiglas ,ample are plotted in Figure

9A and 9B. Again, these data are for a single measurement run. The
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S AP BE I

SAMPLE: Fl EFROLASS

FREQUENCY DOMAIN DATA THICKNFSS = 134.5 MILS

FREQUENCY
(0Hz) _ ' s e" " s " s

9.2 1.25 .05 .26 .04 1.39 .04 -.11 .03
9.6 2.17 .05 .30 .07 1 .44 .04 -.11 .03
10.0 3.07 .07 -.11 .06 1.48 .04 .01 02
10.4 3.96 .09 -.38 .06 1 .21 .02 -.06 .02
10.8 4.13 .05 -.19 .10 1 .00 .02 -.00 .01
11.2 4.07 .11 -.18 .08 1 .02 .02 .04 .01
11.6 4.08 .12 .48 .13 1.01 .03 -.12 .03
12.0 4.60 .14 .54 .26 .94 .02 -.08 .04
12.4 5.01 .21 .47 .27 .88 .02 -.07 .03
12.8 4,83 .17 .36 .16 .92 .02 -.06 .02
13.2 4.46 .18 .68 .17 1 .00 .02 -.14 .03
13.6 4.26 .15 .57 .37 1.05 .02 -.07 .08
14.0 4.48 .25 .42 .41 1.05 .01 -.04 .11
14.4 4.69 .23 .03 .34 .98 .01 .03 . 8
14.8 4.7a .11 .16 .19 96 .01 -.03 .03
15.2 4.93 .05 .37 .14 .99 .01 -.05 .03
15.6 4.27 .8 .76 .14 1 .03 .01 -.11 C.q
16.0 3.97 .10 .61 .15 1.09 .01 -.11 .03
16.4 4.14 .10 13 .14 1 .05 .01 -. 00 .02
16.8 4.88 .14 -.60 .15 .91 .01 .09 .02
17.2 5.72 .27 -.94 .29 .78 .03 .10 .03
17.6 6.78 .59 -.04 .62 .67 .06 02 P08
18.0 6.70 .68 .99 .,5 65 .08 06 3

18.4 6.56 1.16 1.25 .91 .67 .11 -.07 .11
18.8 4.45 .54 1.44 .46 .92 .09 -.27 .07
19.2 2.67 .22 1.09 .20 1.37 .06 -.53 .10
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fre,;uurcy domoin dta for a 65.5 mil plexiglas ,iiple is Aown in

Figure I0A and 10B. As before, this freuency doiv'ain data is the

>:-, and standard deviation for ten data runs. The mlan ond stcndard

deviation calculated for the mu and epsilun values are pisented

in Table I1. The comparison for the time domain and freguency

domain data is pt sented in Table IV for the frequency range from

12.4 to 16 Gliz.

Second Plex asSamp

The time domain data obtained for the 174 mil plexiglas sample

are presented graphically in Figure IIA and 11B for a single mea'ure-

.tent run. The fre,,uency do3,,ain data for the 174 mil plexiglas ;ml l

are presented in Figure 12A and IB. As before, the frequency

domain data are the mean values of tun iuns and the s tandard deviations

are presented in Table V. The couparison of the 174 mail plexiglas

data for the time and frequency domain systoms from 12.4 to 16 GHz

are given in Table VI.

R epea takbillity

The statistics developed for the ft ,(!u(ncy d,;,a in data moam:ure-

uients show the repeatability of the moasurt ,ent tociue. Pur ing

each of the data runs the netv.,ork analyier was turned off and on,

or the -Iviiple was rijnved fron the h,:;; lcl older nId re-istal ld.

The system configur~ition did n t allow fur rower t :,oval from the

computer or the frequency synthesizer.
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SAMPI F: Pt i XICLAS

FR[QUQNCY DOMAIN DATA THICKNESS 65.5 MIS

fREQULNCY
(GHz) _ ' s S s s

9.2 1.57 .12 1.22 .05 1.65 .02 -. 15 .03
9.6 2.10 .11 1 .40 .18 1.39 .06 -1.12 .03

10.0 2.54 .11 .69 .21 .93 .05 .83 .09
10.4 2.23 .06 .25 .07 .73 .05 -. 52 .03
10.8 2.66 .05 .43 .05 1 .00 .04 -.31 .03
11.2 2.57 .07 .35 04 1 .04 .03 -.21 .04
11.6 2.68 .04 .23 04 .83 .01 -. 10 .05
12.0 2.62 .04 .16 .06 .89 .02 -. 05 .05
12.4 2.71 04 .11 .07 .94 .03 -.03 .04
12.8 2.63 .06 .21 05 .96 .03 .07 .04
13.2 2.60 .05 .26 .05 .94 .04 -. 09 .03
13.6 2.53 .04 .19 02 1.01 .03 -. 06 .03
14.0 2.45 .04 .05 .03 1.10 .03 -. 04 04
14.4 2.47 .02 -. 06 .02 1.12 .03 -. 01 .02
14.8 2.53 .05 .07 .04 1 .15 .03 .00 .01
15.2 2.60 .05 .17 .06 1.13 .03 .03 .02
15.6 2.51 .03 .32 .03 1.05 04 -. 06 02
16.0 2.38 .03 .29 .03 1.03 .03 -. 13 02
16.4 2.48 .03 .05 04 1.05 .02 -.06 .02
16.8 2.61 .04 -. 25 .04 1.06 .03 -. 09 .01
17.2 2.75 .05 - .18 .03 1.00 .02 .10 .03
17.6 2.73 .03 0 .03 1.00 .03 .01 .02
18.0 2.72 .04 .30 .03 .95 .03 -. O .03
18.4 2.65 .05 .3S .04 q5 .03 -.18 .03
12.8 2.56 .5 .37 03 1.01 .02 -. 21 .04
19.2 2.42 .06 .30 .06 1.15 04 -. 18 .(4
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TABLE V

.S,,,2rE: PH lFA ,AS

FR-QULI NCy D(W:AIN DAIA I IL K, SS = 1/4 II-S

FPL QULNCY "s

(Glz) s el.s s

9.2 1.12 .03 .01 .04 1 .09 .03 .06

9.6 1.52 .05 -. 00 .07 1.29 .05 .05

10.0 1.95 .07 -. 13 .09 1.38 .07 .03

10.4 2.39 .03 -. 21 .04 1.13 .02 -. 08

10.8 2. 0 .04 -. 11 .04 1 .00 .01 -. 01

11.2 2.51 07 -. 08 .05 1.02 .02 .01

11.6 2.45 .04 .21 .04 1.04 .03 -. 10

12.0 2.54 .07 .25 .05 .94 .03 -.07

12.4 2 .71 .10 .21 .07 .91 .01 -. 07

12.8 2.69 .10 .15 .07 .95 .01 -. 07

13.2 2.57 .05 .30 .06 1.01 .01 -. 10

13.6 2.56 .04 .32 .05 1.01 .02 -. 07

14.0 2.64 03 .25 .04 1.01 .01 -. 04

14.4 2.76 .03 .01 .05 .95 .01 -. 00

14.8 2.72 .04 .06 .03 .98 .01 -.03

15.2 2.60 03 .10 .02 1 .00 .01 -. 04

15.6 2.51 .03 .20 .04 1.03 .01 -. 06

16.0 2.39 .04 .17 .05 1.07 .01 -. 06

16.4 2.44 .04 .16 .04 1 .05 .02 -. 02

16.8 2.68 .04 -. 08 .04 .96 .01 .05

17.2 2.R3 .08 -. 38 .08 .08 .01 .10

17.6 3.14 08 -. 37 .09 .83 .02 .06

18.0 3.19 .10 -. 07 .07 .84 .03 -. 00

18.4 3.94 .39 -.31 .26 .72 .04 .02

18.8 2.96 .24 .66 .11 .90 .04 -. 19

19.2 1.63 .07 .77 .06 1.31 .04 -. 53
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n1fC le-

The tji.Ci doi ,ii n d{a fur the tfl ln ,dmpl e ure yivcan if]I Figure

I13A i id 13)B. h'te plot of the th41 Q' din data is for a sirgjle

:,jc iit run. The fjr,.,-;(ecy V inda ta for the teflon - ;;e

isz r(- o ted gr~ihieal ly in Figure 14A arid 14B . The ft',' imoCy

V. ain t ila plots o~re 'ar a single iie au resent run. Acrp t

l isting of the frc-yu'oy dom;ain d otd is given in Table V11I. The

coiipairison of timie id fr(2(uency do' adin dota is pH ese.rited in

Table V111 for the frequency ra nge from 12.4 to 16 flz.

P1f1-40.Thsorber_ Samiple

Thiie .104 iaim-orler is comfposed of fern tes in sil icon F 00er.

t is an Fccosorb hi gb-loss mi erev,,ave ot-,or!er. Thle relaItive mu and

cpsilon values calculated for the FC!-1O -orl,,cr on the Prdo ~am

sys tern are presented gra iphi cal Ily i n F1 i Je I )T ;nd 1 5B . Ti c 'Ir so,,. rcy

domain data of r-elative MU and epsilon are grdphically prcenfred in

Fi gore 16GA and 1 6B. 5'oth the timie doma in and frecquency do' ,din 1lots

aIre for a single n&.eetrun. The co!!plete list-ing of icl itive

miu an1d epsilon value(s ,.:a LUred with the freo(-Li Icy doi Iin v Sis

given -in Table IX. Vie FmVr .r or the ti;: U'.> .m,,fJcy

do;,,ain daita fran 12.4 to 16 Giz is given in Tulle X.

Com: pari-son of tii, e ond freq (uilcy domain dijta ,oints up a p'rofblem

in the freqyiuicy dm1n da . Although the pi i i ty foll ,,as a

s iilar trend as that from the tiine( domaoin, it is seen thait Ohw real

part of the peii ttiv ity was aipprox ir!,ately b5~tel ow the values
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TABLE VII

SA PLE: TIFI ON

FREQUENCY LOiAIN DATA vH]CK[fSS =1".0 ',IllS

FR[EUENCY (GHz) EPSILON MU

9.2 1.08-J.04 1.05+J.01
9.6 1.32-J.03 1.20-J.04

10.0 1.59-3.12 1.24-J.03
10.4 1 .90-J.19 1 .14-J.05
10.8 1.98-J.09 1.01+J.01
11.2 1.94-J.11 1.04+J.02
11.6 1.91+J.10 1.03-J.11
12.0 2.03+J.13 .96-J.08
12.4 2.19+J.21 .95-J.05
12.8 2.12+J.17 .97-J.05
13.2 1.98+J.22 1.01-J.10
13.6 1.95 J.21 1 .01-J.08
14.0 2.04+J.16 1.01-J.05
14.4 2.11+J.05 .98-J.02
14.8 2.08+J.06 .98-J.04
15.2 2.07+J.06 1.02-5.03
15.6 1.99+J.11 1.05-J.07
16.0 1.90+J.14 1.06-J.07
16.4 1.92+J.09 1.03-J.05
16.8 2.07-J.01 1.01+3.01
17.2 2.20-J.10 .97+J.03
17.6 2.26+J. nO .01-J.02
18.0 2.36+J.07 .- J.04
12.4 2.344J.16 . -J.07
18.8 2.11 5.3? .94-J.14
1q.2 1 -43.4 1.,7-.24

13
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TABLE IX

SAMP LE f GM-40 AMM,'[R

I R!QUE-NCY FDOIAJIN DATA THICKNESS = 38.5 MILS

FEUFNCY (GHz) PSILON M.U

9.2 2.78+J2.83 1.42-J.57
9.6 12.87+j4.64 2.43+J.98

10.0 12.73+31.71 2.02+J3.53
10.4 18.63+J2.21 1.47+32.40
10.8 20.27+J2.21 1.02432.06

11.2 20.57-3.15 .P5+j2.05
11.6 22.38+j2.17 .91+31.98
12.0 24.26+J3.07 1.00+31.78
12.4 24.29+32.95 1.07+31.79
12.8 22.64+J2.02 1.03+31.77
13.2 21 .60+31 .63 .96±31 .69
13.6 21.77+J.93 .n24+31.67
14.0 23.15-3.54 .90+31.52
14.4 24.76-31.57 .91+31.52
14.8 26.07-J.39 1.10+31.48
15.2 24.34+J3.78 1.17+j1.68
15.6 22.34+J5.27 .94±31./7
16.0 20.99+J2.55 .65±31.71
16.4 24.83-31.88 .48+31.43
16.8 27.31 -J2.77 .35+31 .27
17.2 30.15+31.26 .44+31.17
17.6 26.52+34.60 .62'31.24
12.0 24.03+j3.91 .71±31.24
18.4 22.23+31 .48 .52+31 .22
12.8 20.94+3.87 .49+31.31
19.2 2017+31.14 .54+31.51
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Iwoasui ed on the t ii.e O1,n:. i n i d the i;:, I ii,ry part of t!he I "K ttivIty

from the frunwt.ncy domu i n j..- ur;.ent ,(uld a,ot he n; :pored ,uI rig

t ~s cof t he ,, 7o c;.'.e-nt of the s- :p Ie r&:lnaL jve to the h;or'ti~j) lt

it 'as seen that the i:;,ayinary por-ittivity aro;.eer.',.s ve-y >Isi-

tive to position within the seimple holder. Also, the ILL,-QO - le

was sc-en to deform sliightly when it was inserted into the % :Iple

window. This effect could not occur on the other harder si!ples of

plexiglas, fiberglass and teflon. These factors iiay give a clue to

the poor co( parison of data for this 11- ple. Unfortunately, time

did riot permit extensive investigation in this area.

81



V1

C I -Il~ IIS

It- Frc ;a'~ -Vin 1J i ni t s y, ti ''s (d A. e

i11ri ItOIs iC prK>Cte2S of f i C ij I Is s, 'L1) th I , w '(s uf' pox i (is,

to flon , and an I (-,-40 ahs orere c mrer'cd on the f11rcepoency du''a in

and timie domain systems and compaired. On the hl s is of the r( £ui ts

(hiIa i ned fr a)m the frerio ency dcira in ;y, *' e tl c(uusic005

roC d i own

I . Thiie frca s i b i Ii ty o f i; c i au r i np n r in s i c r Ie rt i es o f m-a t r i al Is

u1ing a fro 1 cy (!' 1 , i i)ipe !,mis Nu n s h rm.n .

2. Repco,,toi I i ty t s i' (ia tud for the tw~o th i chncs ses of

plexiglas arnd Fi bergl ass. Pi:Peotabil i ty of measuru, ront vas extri;oely

good in the cas;e of the limo thicknesses of plexiglass, hut began to

show a problemn in the ii; ,.jinary part of the permi ttivi ty of fihCrql ass.

3. The ( irn of t a h --n the ti .e (' .-,in Itid frr cy

dwoiiin systo:i .-,,s good ior the plexiglaos mid 1Ceflon. The fiheralass

(!ita 1 ejan to ra:o r, i oily in the' LA~ aOf thleimior

Ini tt i vity.

4. The greatest error i-,as 1 ol in w-li a ut aing 'he 1(.!',40

,A),rher. Althiough the (i a Ihil i ty ct I in) f l 1.t, I r rit h e time

domain and ft (iountcy duw an k!ata , t he Ical i-t t oif jhe ltailttivity

i-as ipproxi! ately ?57 below i hat of the t iie dii ain !lid thle ii,,igitiary
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part of the permittivity was not .p:,durable.

5. The refinement of the h-> pie holder _nd slider section may

result in smaller errors than those seen in this study. This

observation is drawn from experience gained during troubl e-shooti ng

problems in the sample holder area.

6. A possible cause of error in the frequency doain data of

the FGM-40 absorher riaterial may have been distortion of the sample

during insertion into the sample window. Unlike the other materials

tested, the FGM-40 absorber was rubbery and easily compressed.

Re com,.cnda ti onS

Based on the assui:.ptions stated initially and observations rnade

during the investigation, the following recoi,; 1endations are proposed

for further study:

1. The high VSWR, which ranged up to 10 at 18 GHz, at the test

and reference ports of the frequency converter, could be investigated

as a source of error.

2. The sensitivity of reflection coefficients to the reference

shorting plate and sample position within the sample holder could

be investigated.

3. A computer model could be developed to investigate the

H-plane sectoral horn plane wave approximations to TEM waves used in

83



this thtsis 6nd how this opproxi:,,ation relates to the .oiriples

intrinsic property im ,,,urc ,,ents.

4. A system characteristic was used to renorinalize the relative

.mu and epsilon values. An investigation could be done to determine

if a better technique were possible for removing inherent system

error.
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P"'~ii} dix A

Control Software

The operating system controls the Hewlctt-Packard netvork aralyicr

and Watkins and Johnson frequency synthesizer during parav.eter rirasurc-

ments. The software and system relationship is diagramed below.

STA~RT

INPUT / INPUT I WPUT
SAMPLE /START/STOP 'U ',ER

THI CKrN ESS FREQUENCI/ES OF
INCRFMENTS

!11,SUREL. RFL UC T ION I
P ArID

T A SMI SS I ON

ANA LOG

VALUES

- 7CAL CULAT E

PRINT ---- PO
MU/.PS LON

STOP 1.U/LI-PSI I Ofl

Figure 17. Software Control Diagram
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APPI-HDIX B

First Test Setup of Freuutincy Domain lasurei;,ent System

The equipment used in the first test setup of the frequency

domain measurement system will be described. Then the procedures

used to measure fiberglass and two thicknesses of plexiglas will be

discussed. Finally, the relative complex mu and epsilon values

measured for the fiberglass and two thicknesses of plexiglas will

be presented.

Equipmen t

The equipment used to support this thesis test setup consisted

of a frequency synthesizer which served as the signal source, a

network analyzer used for making relative decibel amplitude and

phase measurements, an anechoic chamber used for the transmission

coefficient measurements, a sectoral horn assembly used to make the

reflection coefficient measurements, and a Hewlett-Packard 21MX RTE

computer used to control the measuremlent setup. The (c. plete measure-

ment setup is diagrwmied in Figure 18.

The power source was a Watkins and Johnson model 1204-1;

rapidly tunable over a frequency rdoge of 0.1 - 26 GHz. The following

information was taken from the Watkins and Johnson 1204-1 specification

sheet. The frequency resoluticn was 10 kHz from 100 MHz to 249.99 MHz,

100 kHz from 250 MHz to 1.9999 GHz, and 1 MI11z from 2 - ?6 GHz. The

frequency was displayed with a five-digit IED, in GHz, with floating

decimal. The frequency accuracy was #0.00035% for 180 days over a
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0 - 50' C range. A single frequency could he selected on the keyl oard

with the enter', [NT, button and displyed on the [LD. The frequency

could be slewed up or down in 1, 10, and 100 rflz teps as selected

on the INCRLMLNT controls. The synthesizer sweeps repetitively

upward within the following bands: 0.1 - 1 GHz, 1 - 2 GHz, 2 - 8 GHz,

8 - 13 GHz, 13 - 18 GHz, and 18 - 26 (Hz. The AF syiiuetrical sweep

about phase-locked center frequency F which was displayed on the

LED readout was 0 to +0.1' of F . The synthesizer provides 0 dBm

(1 nw) minimum leveled output power. The variations in leveled

power for the 0 dB attenuator setting was -1 dB over the ronge of

0.1 - 26 GHz. The output power could be attenuated over a range of

0 to 90 dB in 10 dB steps. The output power accuracy (meter reading

plus attenuator setting) was: -0 dB attenuator setting, 0.1 - 18 GHz,

,I dB and 18 - 26 GHz, l dB; 10 dB - 90 dB attenuatar setting, -2 dB

and 18 - 26 GHz, ,2.5 dB.

The network analyzer was a Hewlett-Packard ,,odel 8410A with a

phase-gain indicator. The 8413A phase-gain indicator used a meter

display. The 8411A harmonic frequency converter provided RF-to-IF

conversion. Measurements were based on the use of two wideband

samplers to convert the input frequencies to a constant IF frequency.

RF-to-IF conversion took place entirely in the hariionic fre(juercy

converter, which converted frequencies over a ronge of 12.4 - 18 GHz

to 20 11Hz IF signals. The phase and amplitude of the two RF input

signals were maintained in the IF signal. The nfetwork inalyzer

mainframe provided the phase-lock circuitry to maintain the ?0 hz

IF frequency while frequency was being swept, took the ratio of the
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reference and test channels by use of ideritical AGC aiiplifiers, and

then converted down to a second IF of 2/8 kHz. It also had a precision

0 to 69 dB IF attenuator with 10 and 1 dB steps for occurdte IF

substitution measurements of gain or attenuation.

The frequency domain measurement setup utilized the following

piece of equipment during data measuremiients: a plug-in for the

8410A mainframe, the 8413A phase-gain indicator. It compared the

amplitudes of the two IF signals and provided a meter readout of

their ratio directly in dB with 0.1 dB resolution. It also co:;ipared

phase in degrees over a 3600 unambiguous range with 0.20 resolution

on the meter. Phase difference was presented on the same meter when

the appropriate function button was depressed. This plug-in had two

analog output ports accessible from the front, one for dB amplitude,

20 mwv/dB, and one for phase, 50 mv/degree.

The anechoic chamber was a 9.5 ft x 3 ft x 3 ft upright box

structure as shown in Figure 19. The outer structure was made of

2 in x 6 in boards covered with 1/2 inch plywood. The inner structure

was 1/2 inch plywood supported by 2 inch x 4 inch boards. The 1/2 inch

plywool inside of the cha;:ber was covered with 4 inch thick CV-4

radar absorbing material (RAM). At the middle of the chamber, a

2 inch thick styrofoam square and AN-74 RAM square provided a table

top support area for the test sample. An 8 inch squore hole was cut

in the table top to provide a window for signal transmission. At the

top and bottom of the nechoic chwimher, there were 3 sfudre inch holes

cut to allow access for horn antennae. A hinged door was locdited at

one side of the chamber to allow easy insertion and removal of ,airiples

to be tested.
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An H -plane sectoral horn was des ijr (,d ,nd built for this pi eject

using formiulae from Jasik, payes 10-8 .nd 10-9. An i,,,:rovcd free

space watch was obtained by introducing a set of Idrallel plates

coupled with a set of curved cylinders at the mouth of the hcrn.

The horn is depicted in Fi(;ure ?0. The theoretically computed phase

variations icross the aperture ,ere 49./0 at 12.4 GHz to 71. 7
' at

18 GHz.

The Hewlett-Packard 21MX computer was used to control the data

measurement. The frequency synthesizer was commanded to a discrete

frequency by the computer and a data i;,cosure ,ent was taken through

the computer A/D converted, connected to the network analyzer. The

disk subsystem and I/O devices were used to store, process, and

display the results of a data run. The software used in the computer

for the test setup was an earlier version of that given in Appendix A.

Pi'du eI e-s

The procedure followed in measuring the complex mu and epsilon

values of a test somple involved the preparation of the sample,

initialization of the (c-qputer j,rogrm, setup and measurement of the

reflection coefficient values, setup and measurement of the trans-

mission coefficient values, data calculation to obtain mu and epsilon,

and data output to present the mu and epsilon values.

In preparing the sample, a one square foot piece of test i aterial

wis used. From the one s, uare foot piece of rjicerial, a w : all strin

0.8 inches in width was cut froMn one side. The 0.8 inch wide piece

of test material was used in the se tnral horn for reflection
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coefficient ,,iiasure ents. Pur i ing refl ,t ion coelfic ient u,, u it ts

the sa!:iple piece was placed directly on the m&uth of the horn ;..where

the parallel plates were attached. The laiger piece of the s.,mple

was placed inside the anechoic chai:iber during transmission coefficie:it

mecasurements.

Once the sample pieces wure prepared, the computer program was

initialized. The operator entered a comment statement that identified

the sample. This state;ent was printed as the heading for the line

printer output of the mu and epsilon values. The thickness of the

sample was entered next. Then, the start and stop frequencies were

entered and the number of discrete frequencies at which measurements

occurred were entered. At this point, the operator entered the

portion of the program that makes reflection coefficient measurements.

For the reflection coefficient measurements, the sectoral horn

was switched into the network by manually setting switch number one

(the switch feeding power to the horn) to the right and switch number

two (the switch connected to the test signal port of the converter

unit) to the left. The shorting plate was placed on the horn at the

location previously described for the sample. The network analyzer

gain amplifier was set to 13 dB. The frequency synthesizer power

output was set to zero dB. The operator commanded the (clnputer to

step the frequency synthesizer across the frequency range to obtain

a background reference for the short. Next, the sample was placed

in the horn and the operator allowed the cioputer to step through

the frequencies again. The computer determined the difference between

the two sets of values and stored these differences as the reflection
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COef ic icnts. Noew, the operator entct-ed the portion of the pt Cj am

to cAlcain tr~nsmi,;sion coefficients.

The large 'ample piece was used for determining the tranmiiss ion

co eficients. The gain amplifier on the ,etwork analyzer was. set to

41 dB. The anechoic chamber was switched into the rctwork by placing

switch one to the left and switch two to the right. The anechoic

chamber was set up first with nothing over the 4 inch scuare window

on the table assembly. The operator allowed the computer to measure

the open window across the frequency range for a reference background

imieasurement. Next, the sample wjas placed flush against the table

surface, centered on the 4 inch square window. The first set of values

for the sample transmission coefficients was determined and stored in

the computer. Next, the samnle was offset with two shims that were

0.5 cm thick and a second set of transmission coefficients was measured.

The two sets of values were averaged to obtain a single set of values

as the transmission coefficients. This [! ocedure was performed to

help compensate for the inherent VSWR within the anechoic chamber.

At this point, the data nitdod to corpute mu and epsilon had bcen obtained.

The data calculation to obtain the complex mu and epsilon values

was now performed by the computer at the operator's request. The

system was ready to output this data as hard copy at the line printer

or as plots.

The output could be requested in the form of hard copy. This

output gave ttme ft ,Luency in MHz and tme m~u nd epsilon values scaled

up by a factor of 100. A second ptogram was loaded into memory at

the request of the operator to produce plots.
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The plot program was requested fiom the wain program. It

required a' ttement about the sample for use as a title on the plots.

The output was produced on the CRT of the computer and auto!'.,atically

copied to a Tektronix hardcopy unit. At the direction of the, operator,

the main program was reentered and terminated.

Fiberglass Sample

The frequency domain data for the fiberglass sample is given

in Figure 21A and 21B. The frequency domain values of relative mu

and epsilon between 12 and 18 GHz are compared to the time doml;ain

data from Figure 7A and 7B in Table XI.

F irst P lexi q 1as Samplle

The frequency domain data for the 64 mil plexiglas sample is

given in Figure 22A and 22B. The frequency domain data between 12 and

18 GHz is compared to the time domain data from Figure 9A and 9B

in Table XII.

Second Plexiq.las Sample

The frequency domain data for the 172 mil plexiglas saiople is

given in Figure 23A and 23B. The frequency domain data between 12 and

18 GHz is compared to the time domain data f;om Figure IIA ond 1ib

in Table XIII.
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It(-m 20 (continued)

as the swept frquoncy signal s, ource. A d _ d i I td ( ti nter ;I L.I: the
eor,;lex petmittivity and l,,,rvability and plottt.d the i.ut;,ut data. The
xa s urt-i;icnts wore perforl,,d a Uto'iatically by ha villg the c(,imputer r(,r1tol
the frequency synthesizer vhile running the LAxe , -i;' it.

The two configurations of plexiglas and the fili ss v .......,e %,,fre tfi ted
ten' tirres to obtain a statisial repr irtation of thle trsults. !rn all (d&.es
good repeatability .,'as obtai d. The s 1tiulard devia ti n of the ) -a] art of
the permi ttivi ty arid pereabi Ii ty for the two cases of plexiglas .as within
+ 4"' of the mean. The fiberglass had a typical standard deviation vithin + P1
of the mean for the real part of the perwittivity aid perifbility.

The permittivity and permieability obtained for the selected sa; pi)es using
the frequency doiain measure,'ent technique wcre compared with the results
obtained in a previously devel rped syste-m which used ti;,ie doain t-ehni ques.
The data comparison between the two systims was good for teflon, plexiglas,
and fiberglass in the frequency range from 12.4 to 16 GHz. Some variations
were noted for the FGM-40. Since the results obtained were generally con-
sistent between both techniques, it is claimed that the newly imle, Orted
frequency domain system is a viable alternative for the rapid Ieasurev:fent of
intrinsic properties in the Ku band.
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